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The Exosome: A Conserved Eukaryotic
RNA Processing Complex Containing
Multiple 39→59 Exoribonucleases
cold-sensitive and defective in ribosome synthesis, al-
though their precise role in this process is unclear (Zhou
and Deutscher, 1997).
The exoribonucleases of E. coli are physically sepa-
rate and appear to act independently. RNase II is a
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69012 Heidelberg monomeric protein of z70 kDa. RNase T functions in
vivo as an a2 dimer (Li et al., 1996); the smallest activeGermany
form of RNase PH is also an a2 dimer (Kelly and
Deutscher, 1992). PNPase is found as an a3 trimer but
at least a fraction of the enzyme is associated with theSummary
endoribonuclease RNase E (Carpousis et al., 1994) and
the DEAD-box RNA helicase RhlB (Miczak et al., 1996;We identified a complex in S. cerevisiae, the ªexo-
Py et al., 1996) in the ªdegradosomeº complex.some,º consisting of the five essential proteins Rrp4p,
Eukaryotic 39→59 exoribonuclease activities haveRrp41p, Rrp42p, Rrp43p, and Rrp44p (Dis3p). Remark-
been biochemically purified and characterized, includ-ably, four of these proteins are homologous to charac-
ing the poly(A) nuclease (PAN) (Sachs and Deardorff,terized bacterial 39→59 exoribonucleases; Rrp44p is
1992) and the mitochondrial NTP-dependent 39→59 exo-homologous to RNase II, while Rrp41p, Rrp42p, and
ribonuclease (mtEXO) (Min et al., 1993) of Saccharo-Rrp43p are related to RNase PH. Recombinant Rrp4p,
myces cerevisiae. PAN activity requires Pan2p andRrp44p, and Rrp41p are 39→59 exoribonucleases in
Pan3p (Boeck et al., 1996; Brown et al., 1996) but it isvitro that have distributive, processive, and phospho-
not clear which protein, if either, is the enzyme. Therolytic activities, respectively. All components of the
mtEXO complex contains three major subunits of 75 kDa,exosome are required for 39 processing of the 5.8S
90 kDa, and 110 kDa (Min et al., 1993). The 90 kDarRNA. Human Rrp4p is found in a comparably sized
subunit is a putative NTP-dependent RNA helicase,complex, and expression of the hRRP4 gene in yeast
Suv3p (Margossian et al., 1996). A multicopy suppressorcomplements the rrp4-1 mutation. We conclude that
analysis of the suv3-D null allele identified DSS1, whichthe exosome constitutes a highly conserved eukaryo-
encodes a protein with predicted molecular weight oftic RNA processing complex.
111 kDa with significant homology to RNase II (Dmo-
chowska et al., 1995). However, the relationship be-Introduction
tween Dss1p and the 110 kDa component of the mtEXO
complex is not established. Indeed, no eukaryotic pro-Seven 39→59 exoribonucleases have been identified in
tein has previously been demonstrated to be a 39→59Escherichia coli (for reviews, see Deutscher, 1990; 1993).
exoribonuclease.The two major enzymes, RNase II and polynucleotide
In S. cerevisiae, the rrp4-1 mutation causes defectivephosphorylase (PNPase), both degrade all types of RNA
39 maturation of 5.8S rRNA and confers a temperature-in vitro but differ mechanistically. RNase II hydrolyzes
sensitive growth phenotype (Mitchell et al., 1996). A lad-RNA to nucleoside 59 monophosphates, whereas PNPase
der of 39 extended forms of the 5.8S rRNA accumulateddegrades RNA phosphorolytically, generating nucleo-
in rrp4-1 strains upon shift to the nonpermissive temper-side 59 diphosphates. RNase II accounts for more than
ature, suggesting that Rrp4p is required for a 39→5995% of the poly(A) hydrolytic activity observed in E. coli
exonuclease activity that generates the 39 end of theextracts (Deutscher and Reuven, 1991). The residual
5.8S rRNA. Consistent with this, an in vitro 39→59 exo-hydrolytic activity is due to another nonspecific exo-
nuclease activity was observed in immunoprecipitatesnuclease, RNase R (Kasai et al., 1977). The other four
of an epitope-tagged version of Rrp4p (Mitchell et al.,characterized 39→59 exoribonucleases, RNaseD, RNase
1996).BN, RNase T, and RNase PH, were identified using tRNA
Here, we report that Rrp4p does indeed have intrinsicsubstrates.
39→59 exonuclease activity but is only one enzymaticNone of these enzymes is essential for cell viability,
subunit of a multienzyme ribonuclease complex that weand they show considerable functional redundancy in
refer to as the ªexosome.ºvivo. RNase T and RNase PH, however, are the major
enzymes responsible for final 39 trimming of most tRNAs
(Li and Deutscher, 1994, 1996), whereas RNase II and Results
PNPase constitute the major mRNA degradation activi-
ties (Donovan and Kushner, 1986). RNase T is also es- hRRP4 Encodes a Functional Homolog
sential for accurate 39 end formation of 5S rRNA (Li of Yeast Rrp4p
and Deutscher, 1995). Strains doubly mutant for the two Rrp4p homologs were found in both humans and Schizo-
phosphorolytic nucleases RNase PH and PNPase are saccharomyces pombe; the human homolog, hRrp4p,
is 43% identical (Mitchell et al., 1996). To test whether
hRrp4p can complement rrp4 mutants, a full-length*Present Address: Institute of Cell and Molecular Biology (ICMB),
hRRP4 cDNA was cloned and expressed in yeast fromUniversity of Edinburgh, Edinburgh EH9 3JR, United Kingdom.
²To whom correspondence should be addressed. the GAL10 promoter (see Experimental Procedures).
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Figure 2. The Rrp4p-Associated Exonuclease Activity Resides in a
Complex
(A) Glycerol density gradient analysis of prot.A-Rrp4p and hRrp4p.
Yeast lysate, Hela nuclear extract, and marker proteins were frac-
Figure 1. The hRRP4 Gene Complements the Temperature-Sensi- tionated in parallel through 10%±30% glycerol density gradients
tive Growth Phenotype of rrp4-1 Strains (see Experimental Procedures). Aliquots of each fraction were re-
(A) Plate assay for growth of rrp4-1 strain P58 transformed with solved by SDS±PAGE; prot.A-Rrp4p and hRrp4p were detected by
either p66 (pRS415/hRRP4), p50 (pRS415/RRP4), or pRS415 on Western blot analysis, and marker proteins were detected by Coo-
SGal-Leu medium at 258C (upper panel) and at 378C (lower panel). massie staining.
(B) Growth analysis of the same strains in liquid SGal-Leu medium (B) Exonuclease assays of fractionated yeast lysate. Extract from
after transfer from 308C to 378C. OD600[t0] is the OD600 upon shift to the prot.A-RRP4 strain P49 was resolved by glycerol gradient cen-
378C. OD600[t] is the OD600 at any given time point, corrected for by trifugation, as above. Immunoprecipitates from every second frac-
the appropriate dilution factor. tion were assayed for exonuclease activity using 39 32P-labeled RNA
substrate. [32P]pC product was resolved from substrate RNA by TLC.
Gradient fractions are numbered. (M), mock-treated substrate; (T),
immunoprecipitate of equivalent amount of total lysate. Note thatThe growth of rrp4-1 strains transformed with con-
the samples in (A) and (B) are not taken from the same gradients.structs containing either the hRRP4 cDNA, the yeast
In the analysis shown in (B), the peak of the complexed form ofRRP4 gene, or the cloning vector alone was compared at
Rrp4p was located in fraction 16 and the peak of the monomer form
258C and 378C. Plate assays demonstrated that growth of Rrp4p was located in fraction 5.
inhibition at 378C of the rrp4-1 strain was efficiently
suppressed by expression of hRRP4 (Figure 1A). Growth
analysis in liquid medium (Figure 1B) revealed that the individual fractions were assayed for prot.A-Rrp4p and
for Rrp4p-associated exoribonuclease activity.rrp4-1 strain complemented with hRRP4 grew almost
as well at 378C as that complemented by the yeast RRP4 Prot.A-Rrp4p was consistently observed in two peaks
in the glycerol gradient (Figure 2A, upper panel), corre-gene (doubling times of 420 min and 345 min, respec-
tively, in SGal-Leu medium at 378C; growth of the rrp4-1 sponding to free (lanes 3±6) and complexed forms (lanes
14±17) (Figure 3 and data not shown). Some prot.A-strain carrying the vector alone essentially ceases after
z10 hr at 378C). No other protein in S. cerevisiae is Rrp4p was also observed sedimenting slightly faster
than the free protein (lanes 8±11). The complex has anhomologous to Rrp4p, and an extensive genetic screen
failed to identify multicopy extragenic suppressors of estimated sedimentation coefficient of z14S, indicative
of a molecular weight of 300±400 kDa (see Experimentalthe rrp4-1 mutation. We conclude that hRrp4p is indeed
the human Rrp4p protein. Expression of hRRP4 only Procedures).
The prot.A-Rrp4p protein was immunoprecipitatedweakly suppressed the accumulation of 39 extended
forms of 5.8S rRNA observed in rrp4-1 strains (Mitchell from individual gradient fractions and assayed for 39→59
exonuclease activity. The activity fractionated with theet al., 1996) and was also unable to complement an
rrp4-D null allele (data not shown). This may be related complexed form of prot.A.-Rrp4p, rather than the free
protein (Figure 2B). We conclude that this complex ex-to the observation that hRrp4p synthesized in yeast was
not stably incorporated into the exosome complex that hibits the observed Rrp4p-associated 39→59 exonu-
clease activity in vitro and does not result simply fromwe describe below (data not shown).
nonspecific association of prot.A-Rrp4p with other fac-
tors. Notably, the fraction of free protein varied fromThe Rrp4p-Associated Exonuclease Activity
Is Found in a Complex z20% to 60% in different preparations. This suggests
that the free prot.A-Rrp4p population had dissociatedTo address whether the enzymatic activity that coimmu-
noprecipitated with Rrp4p is directly attributable to this from the complex during purification and may therefore
be misfolded. Consistent with this, free prot.A-Rrp4pprotein, we first determined its approximate native mo-
lecular weight. Strains were used in which the endoge- was found associated with the heat shock protein Ssa1p
(Ingolia et al., 1982) (see below).nous Rrp4p was replaced by a protein A±tagged fusion
protein (prot.A-Rrp4p) that has been shown to be fully Since hRrp4p complements the rrp4-1 mutation in
yeast (Figure 1), we determined whether it is also partfunctional (Mitchell et al., 1996). Cell extracts were frac-
tionated by glycerol density gradient centrifugation, and of a complex. Hela cell extracts were fractionated by
Eukaryotic 39→59 Exonuclease Complex
459
glycerol gradient centrifugation and assayed for hRrp4p
by Western blot analysis using affinity-purified antibod-
ies. Two peaks of z7S (fractions 8 and 9) and z11S
(fractions 13 and 14), corresponding to species of z150
kDa and z250 kDa, respectively, are observed in the
glycerol gradient analysis of Hela nuclear extract shown
in Figure 2; a similar pattern was observed for cytosolic
fractions. Neither of these species are expected to cor-
respond to free hRrp4p, which has a molecular weight
of 33 kDa. Total recovery of hRrp4p was similar in the
nuclear and cytosolic fractions (data not shown), but
the 11S complex was z10-fold more abundant in the
nuclear extract. We predict that the 11S complex ob-
served in Hela cell extracts is the functional equivalent
of the 14S yeast Rrp4p complex.
Identification of Rrp4p-Associated Proteins
The Rrp4p complex was purified from lysates of a
prot.A-RRP4 strain by glyceroldensity gradient centrifu-
gation followed by immunoprecipitation over IgG-aga-
rose. To identify proteins specifically associated with
prot.A-Rrp4p, the immunoprecipitates were compared
with mock immunoprecipitates of equivalent glycerol
gradient fractions of lysates from an isogenic RRP4
strain. Immunoprecipitates were analyzed by SDS±
PAGE, performed either under fully denaturing condi-
tions (Figure 3A) or in the absence of b-mercaptoethanol
(Figure 3B), which inhibits dissociation of the large ex-
cess of contaminant IgG protein.
Bands from silver-stained protein gels were excised,
the protein was digested in situ (Shevchenko et al., 1996)
and tryptic peptides were sequenced by nanoelectro-
spray mass spectrometry (Wilm et al., 1996). The pro-
teins labeled in Figure 3 were identified unambiguously
by peptide sequence tag searching (Mann and Wilm,
1994), despite the very low amount of protein and pres-
ence of high levels of IgG. This problem was particularly
acute in the case of Rrp43p, which was poorly resolved
from prot.A-Rrp4p and the IgG heavy chain polypeptide
(Figure 3A). Analyses nevertheless unambiguously iden-
tified the peptide ISPELSLQR from Rrp43p (Figure 3C),
although seven other peptides sequenced from the
Figure 3. Four Proteins Copurify with Yeast Rrp4psame sample were recovered from IgG or prot.A-Rrp4p.
(A and B) Silver-stained gel of the purified exosome. (A) 10% PAGERrp41p and Rrp42p were largely masked in analyses
of samples reduced with b-mercaptoethanol (1ME). (B) 15% PAGEof reduced samples (Figure 3A) but were consistently
of nonreduced samples (2ME). (Lane 1) Purified exosome from the
observed in the absence of b-mercaptoethanol (Figure prot.A-RRP4 strain. (Lane 2) Control sample from an RRP4 strain.
3B). Notably, Rrp4p, Rrp43p, and Rrp44p showed al- Only proteins that were unambiguously identified by mass spec-
trometry analyses are indicated.tered mobilities upon SDS±PAGE in the presence or
(C) Identification of Rrp43p in association with Rrp4p. (Upper) Tryp-absence of reducing agent. The prot.A-Rrp4p protein
tic spectrum of the band labeled Rrp4p/Rrp43p in (A). Asterisksmigrated as a doublet (apparent molecular weights 53
indicate trypsin autolysis products. IgG denotes tryptic peptides
kDa and 48 kDa) in the absence of b-mercaptoethanol of IgG. Peptides labeled Rrp4p were identified as tryptic peptides
(Figure 3B) but as a single (53 kDa) species under reduc- ALAFCEIGITQQR and STGPTGAVSLNPSITR of prot.A-Rrp4p. (Mid-
ing conditions. This phenomenon was also observed by dle) Parent ion scan of the unseparated ion mixture. The peak la-
beled Rrp4p, LLSVIPLK, is derived from prot.A-Rrp4p. (Lower) Tan-Western blot analysis of both Rrp4p and hRrp4p and
dem mass spectrum of the ion labeled Rrp43p. Fragmentation ofmay reflect partial posttranslational modification. A dou-
the tryptic peptide produces a series of fragment ions containingblet of proteins was also consistently observed in this
the C terminus of the initial peptide (denoted [Yª4], [Yº5], etc.). Theregion of the gel in the presence of b-mercaptoethanol
precise m/z differences between adjacent peaks were used to as-
(Figure 3A), the other band presumably being Rrp43p, semble the peptide sequence tag ISPELSLQR, which unambigu-
which was not observed in the absence of b-mercapto- ously identified Rrp43p.
ethanol. Finally, the z80 kDa Rrp44p polypeptide was
a highly characteristic band of prot.A-Rrp4p immuno-
precipitates treated with b-mercaptoethanol but was
Cell
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not observed in its absence. A low level of the heat Incubation of 59 32P-labeled substrate with 63His-
Rrp4p generated fragments that are progressively short-shock protein Ssa1p was present in prot.A-Rrp4p immu-
ened from the 39 end, characteristic of a distributivenoprecipitates (Figure 3A). When individual gradient
mode of hydrolysis (Figure 4A, upper panel, lanes 6±9);fractions were analyzed by immunoprecipitation and
at the last time point, the signal was largely convertedSDS±PAGE, a prot.A-Rrp4p/Ssa1p heterodimer was ob-
to low molecularweight products (cf. Figure 4C). Incuba-served (data not shown); this heterodimer is responsible
tion of 39 32P-labeled substrate with 63His-Rrp4p led tofor the observed trailing of the free prot.A-Rrp4p peak
loss of signal with no intermediates (middle panel, lanesinto the gradient (Figure 2A, upper panel, lanes 8±11).
6±9), whereas a substrate blocked with a phosphateNo RNA species could be detected in prot.A-Rrp4p im-
group at its 39 end was degraded only upon prolongedmunoprecipitates by radiolabeling with [59-32P]pCp, sug-
incubation (lower panel, lanes 6±9). All substrates weregesting that Rrp4p is not a component of a ribonucleo-
stable upon incubation with the Ni-NTA agarose±puri-protein complex.
fied protein from a control lysate (lanes 2±5) (see Experi-In summary, four proteins were identified by mass
mental Procedures). These data show that Rrp4p de-spectrometry that coimmunoprecipitated as a complex
grades RNA exonucleolytically in a 39→59 direction andwith the 51 kDa epitope-tagged Rrp4p fusion protein:
shows a strong preference for a 39 hydroxyl group forRrp41p, Rrp42p, Rrp43p, and Rrp44p (predicted molec-
its activity.ular weights 28 kDa, 29 kDa, 44 kDa, and 114 kDa,
GST-Rrp41p (see Experimental Procedures) and GST-respectively). The combined predicted molecular weight
Rrp44p (Noguchi et al., 1996) fusion proteins were alsoof the proteins gives a value of 266 kDa; this is a conser-
produced in E. coli and assayed for ribonuclease activ-vative estimate for the mass of the complex, since in-
ity. Incubation of 59 32P-labeled RNA with either GST-spection of gels stained with Coomassie G-250 (data
Rrp41p (Figure 4B, lanes 6±9) or GST-Rrp44p (Figurenot shown) or silver (Figure 3) suggested that Rrp41p
4C, lanes 8±11) resulted in the loss of substrate andis present in more than one copy per complex. While
accumulation of an oligonucleotide product in a directadditional polypeptides may be present in this complex,
substrate/product relationship; no fragments of inter-the estimated molecular weight of 300±400 kDa is in
mediate length were observed. Assays of both proteinsreasonable agreementwith a complex of Rrp4p, Rrp41p,
with internally labeled substrate gave only the sameRrp42p, Rrp43p, and Rrp44p, with 1±2 additional copies
product (data not shown), revealing that in both cases
of Rrp41p.
the oligonucleotide arises from exonuclease digestion
Remarkably, all four proteins associated with Rrp4p
from the 39 end and not from endonucleolytic cleavage.
are structurally related to 39→59 exoribonucleases of E.
Notably, GST-Rrp41p activity was strongly dependent
coli. Rrp44p is homologous to RNase II (23% identity in
upon phosphate (Figure 4B, compare lanes 6±9 and
a 623 amino acid overlap), whereas Rrp41p is homolo-
10±13); a weak activity that generated a product of inter-
gous to RNase PH (25% identity in a 190 amino acid mediate length was observed in the absence of exoge-
overlap). Recently, the SKI6 gene was cloned and found nous phosphate and, at a lesser level, in the control.
to be identical to RRP41 (L. Benard and R. Wickner, The direct conversion of substrate to product by GST-
personal communication); ski6 mutants increase ex- Rrp41p (Figure 4B, lanes 6±9) and GST-Rrp44p (Figure
pression of viral mRNAs (Ridley et al., 1984) and inhibit 4C, lanes 8±11) is characteristic of processive activities,
39→59 degradation of mRNAs (J. Jacobs Anderson and in contrast to the distributive activity of 63His-Rrp4p
R. Parker, personal communication). TFASTA and BLAST (Figure 4C, lanes 12±15).
searches failed to identify homology between Rrp42p or We conclude that Rrp4p, Rrp41p, and Rrp44p are
Rrp43p and bacterial exonucleases. However, a hidden 39→59 exoribonucleases. TLC analysis of the reaction
Markov model±based sequence analysis (Krogh et products released from internally labeled substrate
al., 1994) of ribonucleases identified Rrp41p, Rrp42p, showed that both GST-Rrp44p and 63His-Rrp4p gener-
and Rrp43p as members of the PNPase/RNase PH ate nucleoside 59 monophosphates,whereasGST-Rrp41p
family of phosphorolytic exonucleases (Mian, 1997; generates nucleoside 59 diphosphates in a phosphate-
S. Mian, personal communication). The published align- dependent manner (data not shown). These results are
ment (Mian, 1997) included Rrp42p (Sc_ORF2315) and consistent with a hydrolytic mechanism of RNA degra-
an S. pombehomolog of Rrp43p (Sp_YAXE, 22%identity dation by Rrp44p and Rrp4p and a phosphorolytic deg-
in a 373 amino acid overlap) as PNPase/RNase PH± radation of RNA by Rrp41p. Since Rrp42p and Rrp43p,
related proteins. Further analysis showed that Rrp43p like Rrp41p, are related to PNPase and RNase PH (Mian,
also clearly falls into this family (S. Mian, personal com- 1997; S. Mian, personal communication), it is probable
munication). that these proteins are also phosphate-dependent 39→59
exoribonucleases. The physical association of multiple
exonucleases led us to designate the complex as the
Rrp4p, Rrp41p, and Rrp44p Are 39→59 ªexosome.º
Exoribonucleases with Distinct The exoribonuclease activity of 63His-Rrp4p is very
Modes of Action similar to that of the immunoprecipitated exosome
Prior to characterization of the complex, a 63His-Rrp4p (Mitchell et al., 1996). Both activities are distributive, act
fusion protein was constructed and shown to comple- on substrates with a 39 hydroxyl group but not with a
ment both the rrp4-1 and rrp4-D alleles in yeast (see 39 phosphate group, and release nucleoside 59 mono-
Experimental Procedures). The 63His-Rrp4p protein phosphates. In contrast, GST-Rrp41p and GST-Rrp44p
was synthesized in E. coli and assayed for in vitro ribo- activities are processive. Incubation of the immunopre-
cipitated exosome with an internally labeled substratenuclease activity.
Eukaryotic 39→59 Exonuclease Complex
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did not result in a phosphate-dependent release of nu-
cleoside 59 diphosphates (data not shown), the pre-
dicted product of Rrp41p, Rrp42p, or Rrp43p activity.
These data suggest that the observed exoribonuclease
activity of the immunoprecipitated exosome is largely
attributable to the Rrp4p subunit.
The Exosome Functions in 5.8S rRNA Maturation
Rrp4p is required in vivo for 39 end maturation of 5.8S
rRNA (Mitchell et al., 1996). This process was analyzed
in strains individually depleted of Rrp4p and Rrp41±44p
to provide genetic evidence that the identified proteins
are indeed in physical association with Rrp4p. Strains
were constructed in which the RRP4, RRP41, RRP42,
RRP43, and RRP44 genes are under the control of the
GAL10 promoter. Expression from the GAL10 promoter
was inhibited by transfer of cultures to glucose-based
medium, and effects on strain viability and 5.8S rRNA
maturation were analyzed during depletion of each
protein.
Plate assays revealed that growth of each mutant
strain was completely inhibited on glucose medium
(YPD) (Figure 5A). Growth in liquid medium was inhibited
z12 hr after transfer to YPD and had essentially ceased
after 24 hr (Figure 5B). The inhibition of growth upon
depletion of Rrp4p or Rrp44p is consistent with these
proteins being essential (Mitchell et al., 1996; Noguchi
et al., 1996). The RRP43 gene has been reported to be
nonessential (Thierry et al., 1990); this does not appear
to be the case in our strain background. We conclude
that all components of the exosome are essential for
cell growth.
The time point at which inhibition of growth of the
GAL10::rrp4 strain occurred was compared with the en-
dogenous level of prot.A-Rrp4p. During growth in galac-
tose-based minimal medium (SGal), the level of prot.A-
Rrp4p synthesized from the GAL10 promoter in the
GAL10::rrp4 strain was z20-fold higher than that syn-
thesized from the RRP4 promoter (Figure 5C, lanes 1 and
2). Following transfer to glucose-based minimal medium
(SD), prot.A-Rrp4p dropped steadily to normal levels
after z12 hr (Figure 5C, compare lanes 1 and 5). The
prot.A-Rrp4p level then decreased rapidly by the 24
hr time point, shortly before the observed reduction in
growth rate.
Figure 4. Recombinant Rrp4p, Rrp41p, and Rrp44p Exhibit 39→59
The effects of depletion of these proteins on 5.8SExoribonuclease Activity In Vitro
rRNA maturation were analyzed by Northern blot analy-
In vitro assays were performed with GST-Rrp41p, GST-Rrp44p, or
sis of RNA isolated from each mutant strain at various63His-Rrp4p, and the reaction products were analyzed by PAGE
time points following shift to glucose-based medium.(see Experimental Procedures).
(A) 63His-Rrp4p. (Upper) 59 32P-labeled RNA. (Middle) 39 32P-labeled For reasons of differing genetic backgrounds, the
RNA with a 39 hydroxyl group. (Lower) 39 32P-labeled RNA with a 39 GAL10::rrp4, GAL10::rrp41, and wild-type strains in the
phosphate group. (Lane 1) Mock-treated substrate incubated for 40 analyses shown were analyzed by transfer from SGal
min. (Lanes 2±5) Time course with mock-purified protein for 5, 10,
medium to SD medium, whereas the GAL10::rrp42,20, or 40 min. (Lanes 6±9) Time course with 63His-Rrp4p.
GAL10::rrp43, and GAL10::rrp44 strains were pregrown(B) Assay of GST-Rrp41p with 59 32P-labeled RNA. (Lane1) Substrate.
in rich medium containing 2% sucrose and transferred(Lanes 2±5) Time course with GST control in the presence of 1 mM
phosphate. (Lanes 6±9 and 10±13) Time course with GST-Rrp41p to YPD. The high levels of prot.A-Rrp4p in the P79 strain
in the presence or absence of exogeneously added phosphate, during growth in SGal medium (Figure 5C) account for
respectively. the extended time course required for depletion of this
(C) Assay of GST-Rrp44p and 63His-Rrp4p with 59 32P-labeled RNA. protein.
(Lane 1) Substrate. (Lanes 2 and 3) Mock-digested substrate incu-
Strikingly, depletion of any component conferred anbated in Mg21- or Mn21-containing buffer, respectively. (Lanes 4±7)
identical 5.8S rRNA maturation phenotype (Figure 6).Time course with GST control. (Lanes 8±11 and 12±15) Time courses
with GST-Rrp44p and 63His-Rrp4p, respectively. The probe used for the hybridization shown in the upper
Cell
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and 23). Upon transfer of the mutant strains to glucose-
based medium, a heterogeneous population of RNAs
accumulated that have lengths between those of the
mature 5.8S rRNA and the 7S pre-rRNA. The same frag-
ments were also observed upon hybridization with a
probe to the 59 region of the 5.8S rRNA (oligo 017),
whereas nosignal was observed upon hybridization with
a probe to sequences 59 of, and proximal to, the 5.8S
rRNA coding region (oligo 001). Only the longer species
hybridized with a probe to a site further 39 in the ITS2
spacer region (oligo 013), and no alterations in the 59
end of 5.8S rRNA were detected by primer extension
from a site 39 to the 5.8S rRNA coding region (data not
shown). Together, these data show that these aberrant
5.8S rRNAs are processed correctly at their 59 end but
have 39 extensions up to the 39 end of the 7S pre-rRNA.
Some depletion of the mature 5.8S rRNA was also ob-
served in each mutant (Figure 6). Notably, the time point
at which the aberrant 5.8S rRNAs started to accumulate
coincided with the onset of 5.8S rRNA depletion in each
strain and, at least in the GAL10::rrp4 strain, the deple-
tion of protein below the expression level observed from
its own promoter (Figure 5C).
We conclude that the purification procedure correctly
identified these four proteins as present in a complex
with Rrp4p. Moreover, the entire exosome complex is
required for processing the 7S pre-rRNA to 5.8S rRNA.
Discussion
We previously identified a mutation, rrp4-1, that inhibits
39 end maturation of 5.8S rRNA and showed that a 39→59
exoribonuclease activity copurifies with Rrp4p (Mitchell
et al., 1996). Using an epitope-tagged fusion protein, we
now show that Rrp4p is present in cell extracts predomi-
nantly as part of a complex. The components of the
complex, Rrp4p, Rrp41p, Rrp42p, Rrp43p, and Rrp44p,
were identified by tandem nanoelectrospray mass spec-
Figure 5. All Components of the Exosome Are Required for Cell trometry (Wilm et al., 1996) followed by database re-
Growth
trieval of peptide sequence tags (Mann and Wilm, 1994).
The growth of strains that conditionally express the RRP4, RRP41,
Remarkably, all of the identified proteins that copurifyRRP42, RRP43, orRRP44 gene were compared undernonrepressive
with Rrp4p are related to characterized 39→59 exoribo-and repressive conditions (P79, GAL10::rrp4; P118, GAL10::rrp41;
nucleases of E. coli. In vitro 39→59 exoribonuclease ac-P106, GAL10::rrp42; P107, GAL10::rrp43; P108, GAL10::rrp44;
YDL401, wild-type). tivity was demonstrated for Rrp4p, Rrp41p, and Rrp44p.
(A) Plate assay. Strains were streaked for single colonies on YPGal Since this complex consists of multiple exonucleases,
and YPD plates and incubated at 308C. we refer to it as the exosome.
(B) Growth analysis upon transfer to YPD medium. Strains were
Rrp44p is an RNase II±like protein that is in fact morepregrown in YPGal, 2% sucrose at 308C and transferred to YPD.
homologous to another member of this family from E.(C) Depletion of prot.A-Rrp4p. (Upper) Growth analysis of strain P79
coli, VacB, than to RNase II itself. VacB is implicated inupon transfer to SD medium. (Lower) Western blot analysis. (Lane
1) Control extract from strain P49, which expresses prot.A-RRP4 posttranscriptional gene regulation (Tobe et al., 1992),
from the RRP4 promoter. (Lanes 2±8) Extracts from P79 after growth presumably acting at the level of mRNA turnover.
in SD medium for the times indicated. Rrp41p is homologous to RNasePH and exhibits a phos-
phate-dependent 39→59 exoribonuclease activity. Rrp42p
and Rrp43p are also members of the RNase PH/PNPasepanel of Figure 6 (oligo 020) is specific to 5.8S rRNA
species that are 39 extended into the internal transcribed family and are predicted to be phosphate-dependent
39→59 exoribonucleases. Rrp4p does not show any sig-spacer 2 (ITS2). In the wild-type strain, the probe hybrid-
ized to the 7S and 6S precursors (Figure 6, lanes 1 and nificant homology to characterized bacterial 39→59 exo-
ribonucleases and so represents a distinct class of such2) (Mitchell et al., 1996); the 6S species is z10-fold less
abundant than 7S in wild-type strains and not clearly enzymes.The exosome therefore comprises at least three,
and probably five, different 39→59 exoribonucleases.visible in some of the samples at the exposure shown.
These RNAs were also seen in the mutants during All components of the exosome are essential for cell
viability. Moreover, genetic depletion of any one of thegrowth in permissive medium (Figure 6, lanes 3, 8, 13, 18,
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Figure 6. Depletion of Each Component of
the Exosome Inhibits 5.8S rRNA Maturation
In Vivo
RNA isolated from GAL10::rrp4, GAL10::rrp41,
GAL10::rrp42, GAL10::rrp43, and GAL10::rrp44
strains grown under permissive conditions
and at various time points after transcrip-
tional repression was resolved on an 8%
polyacrylamide gel and transferred for North-
ern blot analysis. (Upper) Hybridization of 39
extended 5.8S rRNA species with oligo 020.
(Lower) Hybridization of the mature 5.8S rRNA with oligo 017. (Lanes 1 and 2) RNA from D150, a wild-type strain. (Lanes 3±7) RNA from P79,
a GAL10::rrp4 strain. (Lanes 8±12) RNA from P86, a GAL10::rrp41 strain. (Lanes 13±17) RNA from P106, a GAL10::rrp42 strain. (Lanes 18±22)
RNA from P107, a GAL10::rrp43 strain. (Lanes 23±27) RNA from P108, a GAL10::rrp44 strain. The wild-type, GAL10::rrp4, and GAL10::rrp41
strains were pregrown in SGal medium and transferred to SD medium; the GAL10::rrp42, GAL10::rrp43, and GAL10::rrp44 strains were pregrown
in YPGal, 2% sucrose and transferred to YPD. The time in hr after shift to glucose-based medium is indicated. The 7S and 6S pre-rRNAs and
the mature 5.8S rRNA are indicated.
five subunits resulted in the accumulation of a set of 39 stability of several mRNAs tested (P. Mitchell, E. Petfal-
ski, and D. Tollervey, unpublished data). Consistent withextended forms of 5.8S rRNA; an identical phenotype
is observed in rrp4-1 strains upon shift to the nonper- this, hRrp4p was recovered in both the cytoplasmic and
nuclear fractions of HeLa cell lysates. We expect thismissive temperature. A temperature-sensitive allele of
RRP41/SKI6, ski6±100, accumulates an apparently iden- versatile ribonuclease complex to play a major role in
the 39 processing of diverse RNAs in all eukaryotes.tical set of 39 extended 5.8S rRNA molecules (J. Jacobs
Anderson and R. Parker, personal communication). To- The associated exonucleases show distinctly different
modes of action. Rrp4p is a distributive enzyme whereasgether with their copurification, these data provide com-
pelling evidence that the proteins constitute a pro- Rrp44p, like RNase II, is a highly processive enzyme in
vitro. In contrast, Rrp41p is a phosphorolytic enzyme,cessing complex and imply that the components function
interdependently. like RNase PH and PNPase. It remains to be determined
whether these distinct activities act on distinct sub-The exosome is probably required for functions in
addition to 5.8S rRNA maturation. Notably, rrp4-1 strains strates. The in vitro activity associated with the immuno-
precipitated exosome complex is characteristic of Rrp4p,are rapidly inhibited in growth at the nonpermissive tem-
perature, before substantial depletion of 5.8S rRNA can suggesting that the other enzymes require cofactors
that have been lost during purification.occur (Mitchell et al., 1996). Similarly, depletion of Rrp4p
or Rrp41±44p leads to inhibition of growth before the One candidate for such a cofactor is the GTPase, Ran.
Rrp44p/Dis3p was previously identified in a two-hybrid5.8S rRNA is reduced to low levels. Moreover, hRrp4p
complements the rrp4-1 temperature-sensitive growth screen for proteins that interact with human Ran (No-
guchi et al., 1996). Binding of Rrp44p/Dis3p toa complexphenotype, yet such strains accumulate the aberrant
5.8S rRNA molecules to high levels. A role for the exo- between Ran and the nucleotide exchange factor RCC1
stimulates the in vitro nucleotide release activity (No-some in mRNA turnover is strongly suggested by the
demonstration that Rrp41p/Ski6p is required for 39→59 guchi et al., 1996). The effects of Ran on the in vitro
exonuclease activities of Rrp44p and the exosome areexonuclease digestion of deadenylated mRNAs (J. Ja-
cobs Anderson and R. Parker, personal communica- currently being analyzed.
In contrast to the degradosome (Miczak et al., 1996;tion). Furthermore, the rrp4-1 mutation increases the
Table 1. Strains Used in This Study
Strain Genotype Reference/Note
D150 MATa ade1-100 his4-519 leu2,3-112 ura3-52 Beltrame and Tollervey, 1992;
5BWG-1-7A
CH1462 MATa ade2 ade3 his3 leu2 ura3 can1 Connie Holm, Harvard
University, Cambridge, MA
P49 MATa ade2-1 his3-11 leu2-3 trp1-1 ura3-52 can1-100 rrp4D::HIS3 1 [pRS416/prot.A-RRP4] Mitchell et al., 1996
P51 MATa ade2-1 his3-11 leu2-3 trp1-1 ura3-52 can1-100 rrp4D::HIS3 1 [pRS415/RRP4] Mitchell et al., 1996
P54 MATa ade1-100 his4-519 leu2-3, 112 ura3-52 rrp4-1 Mitchell et al., 1996
P58 MATa ade2 ade3 leu2 ura3 rrp4-1 This study
P61 MATa ade2-1 his3-11 leu2-3 trp1-1 ura3-52 can1-100 rrp4D::HIS3 1 [pRS316/rrp4-1] This study
P79 MATa ade1-100 his4-519 leu2-3, 112 ura3-52 GAL10::prot.A-RRP4 This study
P86 MATa his3 leu2 trp1 ura3-52 rrp4D::HIS3 GAL10::prot.A-RRP41 1 [pRS415/63HIS-RRP4] This study
[pRS416]
P100 MATa ade2 ade3 leu2 ura3 rrp4-1 1 [pRS415/GAL10::hRRP4] This study
P101 MATa ade2 ade3 leu2 ura3 rrp4-1 1 [pRS415] This study
P102 MATa ade2 ade3 leu2 ura3 rrp4-1 1 [pRS415/RRP4] This study
P106 MATa his3D200 leu2D1 trp1 ura3-52 gal2 galD108 GAL10::RRP42 This study
P107 MATa his3D200 leu2D1 trp1 ura3-52 gal2 galD108 GAL10::RRP43 This study
P108 MATa his3D200 leu2D1 trp1 ura3-52 gal2 galD108 GAL10::RRP44 This study
P118 MATa his3D200 leu2D1 trp1 ura3-52 gal2 galD108 GAL10::prot.A-RRP41 Lafontaine andTollervey, 1996
YDL401 MATa his3D200 leu2D1 trp1 ura3-52 gal2 galD108 Lafontaine andTollervey, 1996
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from the polylinker), comprising the GAL1/10 promoter inserted be-Py et al., 1996) and the mtEXO complex (Margossian et
tween the RRP4 promoter and the prot.A-RRP4 fusion gene, wasal., 1996), none of the exosome subunits are predicted
integrated at the rrp4 locus. Transformants were isolated on YPGalto be RNA helicases. However, putative RNA helicases
plates at 378C and were screened for inhibition of growth on YPD
with phenotypes similar to those seen upon mutation and for prot.A-Rrp4p protein by Western blot analysis. Correction
of enzymatic components of the exosome have been of the rrp4-1 mutation was confirmed by sequence analysis of PCR-
amplified genomic DNA. Conditional mutants for the RRP41, RRP42,identified. Mutations in Mtr4p/Dob1p lead to a pre-rRNA
RRP43, and RRP44 genes were generated by a one-step PCR strat-processing phenotype similar to that of mutations in the
egy (Lafontaine and Tollervey, 1996). Transformants were selectedexosome (J. de la Cruz, D. Kressler, D. Tollervey, and
for His1 prototrophy and were screened by Southern blot analysis.P. Linder, submitted). Mutations in Ski2p, a putative RNA
To test for complementation of the rrp4-D and rrp4-1 alleles with
helicase (Widner and Wickner, 1993) closely related to either hRRP4 or the 63His-RRP4 allele, the strain P61 was con-
Mtr4p/Dob1p (36% identity) (Laing et al., 1996), inhibit structed, which carries the rrp4-D disruption complemented by the
rrp4-1 allele in p47 (pRS316/rrp4-1) (CEN, URA3). This strain wasthe degradation of deadenylated mRNAs in a fashion
transformed with p50 (pRS415/RRP4), p59 (pRS415/63His-RRP4),similar to mutations in Rrp41p/Ski6p, as do mutations
p66 (pRS415/GAL10::hRRP4), or pRS415 and tested for growth atin two other factors, Ski3p and Ski8p (J. Jacobs Ander-
378C. Complementation of the rrp4-D allele was assayed by growthson and R. Parker, personal communication) (Masison
on medium containing 5-fluoro-orotic acid, which selects against
et al., 1995). The putative helicases and other cofactors the URA3 marker. Complementation of the rrp4-1 allele by hRRP4
may target the potentially highly destructive exosome was also analyzed in derivatives of P58, an rrp4-1 segregant of a
cross between the strains P54 and CH1462.complex to its substrates, while Ran may act to regulate
its activity.
Recombinant Proteins
E. coli strain BL21(DE3)pLysS (Stratagene) transformed with p54Experimental Procedures
(pRSETc/63His-RRP4), p61 (pRSETb/63His-hRRP4), p74 (pGEX-
2T/GST-hRRP4) p83 (pGEX-2T/GST-RRP41), pRSETb, pRSETc, orConstructs
pGEX-2T was grown at 238C to an OD600 of 0.15, treated with isopro-The 63His-Rrp4p construct p54 (pRSETc/63His-RRP4) was made
pyl-b-D-thiogalactopyranoside (IPTG) (final concentration, 1 mM),by cloning an EcoRI fragment of p46 (pRS416/prot.A-RRP4) (Mitch-
and incubated further at 238C to an OD600 of 1.0. Cell lysis and proteinell et al., 1996) containing the RRP4 gene into pRSETc (Invitrogen).
purification were performed in TMN-150 buffer (10 mM Tris±HClTo synthesize 63His-Rrp4p in yeast, the RRP4 promoter was PCR-
[pH 7.6], 5 mM MgCl2, 0.1% NP-40, 150 mM NaCl), 10% glycerol.amplified from p37 (pRS316/RRP4) (Mitchell et al., 1996), generating
Purification of 63His-tagged proteins using Ni-NTA agarose (Quia-an NdeI site at the initiation codon. The promoter was cloned as an
gen) was performed according to the manufacturer's instructions.NdeI±XbaI fragment into pRS415 (CEN, LEU2) (Stratagene), together
GST fusion proteins were purified by affinity chromatography usingwith an NdeI±HindIII fragment of p54, encoding the tag fusion, and
glutathione-agarose beads (Sigma) (Smith and Johnson, 1988). Elu-a HindIII fragment from p46, encoding the Rrp4p C-terminal region,
ates of lysates from strains transformed with the expression vectoryielding p59 (pRS415/63His-RRP4).
alone wereprepared in parallel and served as controls in subsequentTo generate the GAL10::rrp4 construct, the prot.A-RRP4 fusion
in vitro assays.was excised from p46 as an NcoI fragment and blunt end±ligated
GST-Rrp44p was purified as described above, except that the E.into pRS415 cut with HindIII and SmaI. This generated a cloning
coli culture was treated with IPTG at an OD600 of 0.4.intermediate with a unique NcoI site at the initiation codon. The
RRP4 promoter was replaced as an NcoI±XbaI fragment from p46.
Production of Anti-hRrp4p AntibodiesThe GAL1/GAL10 intergenic region was PCR-amplified from pTL26
Rabbit polyclonal antiserum raised against recombinant 63His-(Lafontaine and Tollervey, 1996) as an NcoI fragment and inserted
hRrp4p was affinity-purified using recombinant GST-hRrp4p cou-into the NcoI site, yielding p69 (pRS415/GAL10::rrp4).
pled to affi-gel 10 (Bio-Rad), according to the manufacturer's in-The hRRP4 gene was PCR-amplified from a Hela cDNA library
structions. The affinity-purified antibodies recognized a single majorin pUEX-1 and cloned into pBluescript II KS(1) (Stratagene),
band in both nuclear and cytosolic extracts of Hela cells that hasgenerating p57 (pBSII/hRRP4). An upstream out-of-frame NcoI site
the same electrophoretic mobility as hRrp4p expressed in yeast.in p57 was removed by PCR mutagenesis, yielding p62 (pBSII/
hRRP4D59NcoI). To produce 63His-hRrp4p, the hRRP4 gene was
excised from p57 as a BamHI fragment and cloned into pRSETb Purification of Rrp4p Complexes
Lysates from strains P49 and P51 were prepared as described(Invitrogen), generating p61 (pRSETb/63His-hRRP4). For expres-
sion of hRRP4 in yeast, the gene was excised as a BamHI fragment (Mitchell et al., 1996). For analytical experiments, 500 ml of lysate
was loaded onto a 12 ml 10%±30% glycerol density gradient madefrom p62 and cloned behind the GAL10 promoter, giving p66
(pRS415/GAL10::hRRP4). To produce GST-hRrp4p, the hRRP4 gene in TMN-150 and centrifuged for 24 hr at 36000 rpm in an SW40 rotor
(Beckman). For preparative experiments, z5 ml of lysate (z50 mgwas excised from p62 with BamHI and blunt end±ligated into SmaI-
cut pGEX-2T (Smith and Johnson, 1988), yielding p74 (pGEX-2T/ of protein) was loaded onto a 34 ml gradient and centrifuged for 36
hr at 25000 rpm in an SW27 rotor (Beckman). Gradient aliquots ofGST-hRRP4).
The RRP41 gene was PCR-amplified from yeast genomic DNA as 500 ml (SW40) or 1 ml (SW27) were collected and screened for
prot.A-Rrp4p by Western blot analysis. Peak fractions were pooledan XhoI±XbaI fragment and cloned into pBluescript II KS(1), giving
construct p60. To generate a GST-RRP41 fusion, the RRP41 gene and immunoprecipitation was performed using IgG-agarose beads
(Sigma). Bound protein was eluted with 0.5 M acetic acid and con-was excised from p60 as an NdeI±XhoI fragment (RRP41 has an
NdeI site at the initiation codon) and blunt end±ligated into SmaI- centrated by centrifugation under vacuum and analyzed by SDS±
PAGE. Proteins were visualized by staining with silver or colloidalcut pGEX-2T, yielding p83 (pGEX-2T/GST-RRP41).
The expression construct for GST-Rrp44p (GST-Dis3sc) has been Coomassie G-250 (Neuhoff et al., 1988).
Hela cell lysates were prepared according to standard proceduresdescribed (Noguchi et al., 1996).
(Dignam et al., 1983; Lee et al., 1988). Cell equivalent volumes of
nuclear and cytosolic extracts were resolved through 12 ml glycerolStrains
Yeast strains are listed in Table 1. The GAL10::rrp4 andGAL10::rrp41 density gradients, as described above. Gradient fractions were ana-
lyzed for hRrp4p by Western blotting analysis using affinity-purifiedalleles encode protein A±tagged fusion proteins, whereas the
GAL10::rrp42, GAL10::rrp43, and GAL10::rrp44 alleles encode na- anti-hRrp4p antibodies.
For determination of the sedimentation coefficient of the Rrp4ptive gene products. P79 (GAL10::rrp4) was isolated by complemen-
tation of the temperature-sensitive growth phenotype of the rrp4-1 and hRrp4p complexes, 100 ml aliquots of yeast cell lysate, Hela
cell nuclear extract, cytosolic extract, and protein standards werestrain P54. An XbaI±NdeI fragment of p69 (the XbaI site is derived
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